The mammalian target of rapamycin (mTOR) signaling pathway has critical functions in protein synthesis, controlling cell size and cell-cycle progression in response to extracellular and intracellular stimuli, including insulin, nutrients and energy status (Wullschleger et al., 2006; Wang and Proud, 2009 ). Its effect on protein synthesis is mediated by the phosphorylation of S6K and 4E-BP1 and this is catalyzed by the mTOR complex 1 (mTORC1) that contains raptor, mLST8 in addition to mTOR. The second complex, mTORC2, contains rictor, mLST8 and sin1 and functions to phosphorylate Akt as well as to regulate actin cytoskeleton (Sabatini, 2006) . Dysregulation of mTOR activity is correlated with several Hamartoma syndromes, including tuberous sclerosis complex, Cowden disease and Peutz-Jeghers syndromes. These genetic disorders are known to be caused by mutations in tumor-suppressor genes such as TSC1-TSC2, PTEN and LKB1 that negatively regulate mTOR (Inoki et al., 2005) . Furthermore, activation of the mTOR signaling pathway has been reported in a variety of human cancer, including malignant melanoma and head and neck cancer (Guertin and Sabatini, 2007; Molinolo et al., 2007; Karbowniczek et al., 2008) . The mTORC1 signaling is activated also in a majority of renal clear cell carcinomas (Robb et al., 2007) . Rapamycin and its derivatives are being evaluated as an anticancer drug in clinical trials. In particular, temsirolimus (also known as CCI-779) is approved by the Food and Drug Administration for the treatment of patients with advanced renal cell carcinoma (Chiang and Abraham, 2007) . Despite the importance of mTOR activation in human cancer, no activating mutations of mTOR have been identified in human cancer.
Previously, we have carried out random mutagenesis of fission yeast Tor2 (Urano et al., 2007) to identify single amino-acid changes that confer hyperactivation. This study identified 23 point mutations, any of which can confer hyperactive phenotypes to Tor2. Most mutations were clustered in and around the FAT and the kinase domain. Two representative mutations were selected and each was introduced into mTOR. Expression of the mTOR mutants led to constitutive activation of mTOR even after nutrient starvation (Urano et al., 2007) . In addition to our study, Maeda and co-workers (Ohne et al., 2008) have shown that mutations in the FRB and kinase domain of mTOR, different from the ones identified in our study, lead to hyperactivation of mTOR. Thus, these studies provided a proof of principle that a single amino-acid substitution can convert mTOR to a constitutive active form.
To identify mTOR mutations in human cancer, we searched the sequence of the mTOR (MTOR) gene from a variety of human cancer samples in the COSMIC Library (Catalogue of Somatic Mutations in Cancer) provided by the Sanger Institute (http://www.sanger. ac.uk/genetics/CGP/cosmic/) in which a vast amount of information on somatic mutations in human cancers is stored. Ten mutations have been identified in the mTOR gene from 750 cancer samples derived from the following tissues: breast, central nervous system, hematopoietic and lymphoid tissue, kidney, large intestine, lung, ovary, pancreas, pleura, skin, stomach, testis, upper aerodigestive tract and urinary tract. Of the 10 mutations, 2 are silent mutations that do not change the amino-acid sequence. One of them generates a stop codon that produces a truncated mTOR protein that does not contain the kinase domain. A mutation M135T was identified twice. Six different amino-acid changes identified are shown in Figure 1 . The types of cancer where the mutation was identified as well as COSMIC information are shown in Figure 1 . Interestingly, we found a number of mutations in the C-terminal region that contains the kinase domain.
We were particularly interested in the mutations that are located within or close to the kinase domain. These mutations, S2215Y, P2476L and R2505P, as well as the A8S mutation at the N-terminal region were introduced into mTOR and their effects were examined. To carry out this experiment, we introduced the mutations into AU1-tagged mTOR and the activity was measured in HEK293T cells as described previously (Urano et al., 2007) . As negative controls, we characterized the cells transfected with a vector as well as the cells transfected with a plasmid encoding AU1-tagged wild-type mTOR. As a positive control, E2419K, a mutation identified in our previous mutagenesis study (Urano et al., 2007) was used. After nutrient starvation, phosphorylation of mTOR substrates, S6K1 and 4E-BP1, was measured as an indication of mTOR activity. FLAG-tagged S6K1 was co-transfected. As can be seen in Figure 2a , phosphorylation of S6K1 was detected in the cells expressing the mTOR mutants, E2419K, S2215Y or R2505P. Conversely, phosphorylation of S6K1 was not detected in the cells transfected with the wild-type mTOR as well as with the A8S or P2476L mutant, although all AU1-mTOR were expressed at a similar level. Phosphorylation of 4E-BP1 was also increased by the expression of the E2419K, S2215Y or R2505P mutant but not in the cells transfected with the mutants A8S, P2476L, an empty vector or the wild-type mTOR ( Figure 2b) .
As described earlier, mTOR forms two complexes, mTORC1 and mTORC2, and each complex is activated by distinct signaling pathways and transmits the signals to different substrates. mTORC1 phosphorylates S6K1 and 4E-BP1, and mTORC2 phosphorylates Akt. To examine whether the mTOR mutants affect mTORC2, we examined Akt phosphorylation by co-transfecting myc-Akt and examining Akt phosphorylation using anti-phospho-Akt antibody. As can be seen in Figure 2c , no significant increase of the phosphorylation of Akt was detected with the mTOR mutants. These results suggest that the cancer mTOR mutations confer activation of mTORC1 but not mTORC2. These results are similar to those we obtained with the mTOR mutants identified by random mutagenesis; the aminoacid changes cause selective activation of mTORC1 (Urano et al., 2007) .
To further examine constitutive activation of mTOR by the cancer mutation, we focused on the S2215Y mutant and examined its kinase activity in vitro. AU1-tagged wild-type mTOR or the S2215Y mutant was transfected into HEK293T cells. We first tested whether the S2215Y mutant forms intact complexes with mTORC subunits by immunoprecipitating mTOR using anti-AU1 antibody. As seen in Figure 3a , similar amount of the wild-type and the S2215Y mutant mTOR was immunoprecipitated. Comparable amount mTOR cancer mutants T Sato et al of mTORC1-specific component, raptor, mTORC2-specific component, rictor, as well as mLST8 that is present in both mTORC1 and mTORC2 was detected both in the wild-type and S2215Y immunoprecipitates, suggesting that mTOR S2215Y forms intact mTORC1 and mTORC2. We next examined the kinase activity of mTORC1 and mTORC2 in vitro. After transfection, the cells were starved for serum and nutrients, and mTORC1 and mTORC2 were separately immunopurified by the use of anti-raptor and anti-rictor antibodies, respectively. Each immunoprecipitate was then mixed with 4E-BP1, which is an mTORC1 substrate, or Akt, which is an mTORC2 substrate, and kinase reaction was carried out. As shown in Figure 3b , phospho-4E-BP1 was detected strongly in the immunoprecipitates of the S2215Y mutant as well as of E2419K. Conversely, the wild-type mTOR exhibited minimal activity, as only a slight phosphorylation of 4E-BP1 was observed. The immunoprecipitates without AU1-mTOR (Control) also phosphorylated 4E-BP1 only slightly. We have also examined the R2505P mutation. Immunoprecipitates from cells expressing the mutant strongly phosphorylated 4E-BP1 (Supplementary Figure 1) . These results show that the S2215Y and R2505P mutations confer constitutive mTORC1 activity. We next examined whether the S2215Y mutation also confers constitutive mTORC2 activity. As seen in Figure 3c , phospho-Akt was hardly detected in the rictor immunoprecipitates from the cells expressing the wild-type mTOR or the vector control. AU1-mTOR E2419K and S2215Y phosphorylated Akt but the amount of phospho-Akt was only slightly above that of the wild-type mTOR, suggesting that the mTOR S2215Y cancer mutant specifically activates mTORC1. These results are consistent with our in vivo findings (Figure 2) . Recently, it has been established that GTP-bound Rheb G-protein is specifically required for the hyperactivation of the wildtype mTORC1, but not mTORC2, in vitro as well as S2215Y and mTOR R2505P cancer mutations confer constitutive activation of mTOR complex 1 (mTORC1) but not mTORC2. (a) Mutations in mTOR were introduced by two-step polymerase chain reaction (PCR) into pcDNA3-AU1-mTOR as described previously (Urano et al., 2007) . HEK293T cells cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1 Â penicillin/streptomycin at 37 1C and 5% CO 2 were co-transfected with either the empty vector (control) or pcDNA3 containing the indicated AU1-tagged mTOR together with pCMV5-FLAG-S6K1 by using Polyfect (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. At 24 h after the transfection, the cells were cultured in DMEM supplemented with 0.1% bovine serum albumin (BSA) overnight and then incubated in Dulbecco's modified phosphate-buffered saline (D-PBS) containing 1 mM Mg 2 þ and Ca 2 þ (Invitrogen, Carlsbad, CA, USA) for 1 h to achieve nutrient starvation. The cells were lysed in 1 Â SDS sample buffer by sonication at 4 1C. The proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotted with anti-AU1 (Covance, Berkeley, CA, USA), anti-phospho-p70 S6 kinase (T389) (Cell Signaling Technology, Danvers, MA, USA) or anti-FLAG M2 (Sigma, St Louis, MO, USA) antibodies. (b) HEK293T cells were transfected with either the empty vector (control) or pcDNA3 containing the indicated AU1-tagged mTOR. Lysates of the nutrient-starved cells were divided into two aliquots. The first aliquot was heated at 95 1C for 5 min, and the soluble heat-stable fractions were resolved by SDS-PAGE and immunoblotted with anti-phospho-4E-BP1 (T37/46) (Cell Signaling Technology) and then with anti-4E-BP1 (Cell Signaling Technology). The second aliquot was resolved by SDS-PAGE and then immunoblotted with anti-AU1. (c) HEK293T cells were co-transfected with either the empty vector (control) or with pcDNA3 containing the indicated AU1-tagged mTOR and pCMV-mycAkt. After serum starvation, the cells were lysed as described in a. Proteins were immunoblotted with anti-AU1, anti-phospho-Akt (S473) (Cell Signaling Technology) or anti-Akt (Cell Signaling Technology). mTOR cancer mutants T Sato et al in vivo (Sancak et al., 2007; Sato et al., 2009) . Thus, the hyperactivation of mTORC1 by the mTOR cancer mutants S2215Y and R2505P mimics Rheb activation of mTORC1.
To test whether the constitutive activation of mTOR by the cancer mutations affects cell-cycle control and cell size, we analyzed cell cycle and cell size using the cells expressing the mTOR S2215Y mutant. After transfecting the wild-type or the active mTOR mutant, the cells were starved for serum. The cellular DNA was labeled with propidium iodide and scanned by FACScan flow cytometer (Figure 4a ). The percentage of cells in S phase was 28.2±4.3% and that of cells in G0/G1 phase was 64.9 ± 3.5% in the cells expressing the wild-type mTOR. However, in the cells expressing the mTOR S2215Y mutant, the percentage of cells in S phase was substantially increased to 42.0±0.7% with a concomitant decrease in the percentage of G0/G1 cells to 51.5±3.1%. These results suggest that cell-cycle progression is affected by the expression of the mTOR active mutant. Forward scatter analysis was also carried out to examine alteration of cell size. In this experiment, HEK293T cells were transfected with the wild-type or the mutant S2215Y mTOR and then incubated with or without amino acids. As can be seen in Figure 4b , the size of cells expressing the mutant mTOR was significantly larger than that of the cells expressing the wild-type mTOR. In the presence of amino acids, no difference in cell size between the cells expressing the wild-type and mutant S2215Y mTOR was observed (data not shown). These results suggest that the expression of the mutant mTOR confers resistance to size decrease on amino-acid starvation.
We next examined whether rapamycin, an mTOR inhibitor, inhibits the enhanced phosphorylation of S6K1 by mTOR S2215Y. After transfection of AU1-mTOR and FLAG-S6K1, we treated the cells with rapamycin for 1 h. In the cells with empty vector or mTOR wild type, phosphorylation of S6K1 was not seen (Figure 4c ), whereas mTOR active mutants, E2419K and L1460P, increased phosphorylation of S6K1. This increased phosphorylation was suppressed Figure 3 mTOR S2215Y increases the catalytic activity of mTOR complex 1 (mTORC1) but not mTORC2 in vitro. (a) HEK293T cells were transfected with either the empty vector (control) or pcDNA3-AU1-mTOR (wild type or S2215Y). Cell extracts were prepared from the serum and nutrient-starved cells and then immunoprecipitated with anti-AU1 antibody as described previously (Urano et al. 2007 ). Immunoprecipitates were detected by western blotting using anti-AU1, anti-raptor (Bethyl, Montgomery, TX, USA), anti-rictor (Bethyl), or anti-mLST8 (Bethyl) antibodies. (b, c) HEK293T cells transfected with either the empty vector (control) or pcDNA3-AU1-mTOR (wild type, E2419K or S2215Y) were subjected to serum starvation and nutrient starvation. mTORC1 was immunoprecipitated with anti-Raptor and used for the in vitro kinase assay using recombinant 4E-BP1, whereas mTORC2 was immunoprecipitated with anti-rictor antibody and used for the assay with Akt as described previously (Sato et al., 2009) . After the reaction, the proteins were immunoblotted with the indicated antibodies. mTOR cancer mutants T Sato et al by the rapamycin treatment. mTOR S2215Y also enhanced the phosphorylation of S6K1 but, in the presence of rapamycin, S6K1 phosphorylation was completely abolished. These results suggest that rapamycin is effective in inhibiting the phenotypes due to activating mutations in mTOR.
To gain insight into possible differences between the wild-type and the mutant mTOR, we examined sensitivity to treatments that are known to affect the mTOR signaling. It has been reported that the mTORC1 signaling is inhibited by several intracellular and extracellular stresses, including oxidative and osmotic stresses such as high concentration of hydrogen peroxide and sorbitol, respectively (Patel et al., 2002; Reiling and Sabatini, 2006) . In addition, 1-butanol, an inhibitor of phospholipase D, also prevents the mTOR signaling by decreasing phosphatidic acid (Fang et al., 2001) . We tested effects of these stresses and the inhibitor on the activity of the mTOR S2215Y mutant. As shown in Figure 4d , the mTOR signaling in cells expressing the mutant mTOR was insensitive to 1-butanol. Partial resistance to hydrogen peroxide was observed. In contrast, we did not find differences in the sensitivity to osmotic stress by sorbitol treatment between cells expressing the wild-type and the mutant mTOR. Our results with 1-butanol are of interest. Phospholipase D is involved in the synthesis of phosphatidic acid, which is required for the interaction of mTOR with raptor (English et al., 1996; Toschi et al., 2009 ). The mutant mTOR may have altered requirement for phosphatidic acid. We also examined whether the cells expressing the mutant mTOR exhibit altered response to hypoxia treatment (Supplementary Figure 2) . HEK293 cells were transfected with pcDNA3 empty vector, pcDNA3-AU1-mTOR wild-type or pcDNA3-AU1-mTOR S2215Y cancer mutant, and placed in a 1% O 2 condition. The cells were immediately lysed and the proteins were analyzed by SDS-polyacrylamide gel electrophoresis followed by western blotting. The activity of mTOR was assessed by the phosphorylation level of ribosomal protein S6. AU1-mTOR was equally expressed in the cells transfected with mTOR wild-type or with the cancer mutant. Hypoxia-inducible factor 1a (HIF-1a) expression was increased when the cells were placed in 1% O 2 incubator for 3 or 6 h, confirming that the cells were exposed to low oxygen. In the cells with empty vector or with the mTOR wild type, phospho-S6 was reduced in a hypoxic condition. However, in the cells expressing the mTOR cancer mutant, S6 remained moderately phosphorylated even after 6 h exposure in hypoxic condition, suggesting that mTOR cancer mutant confers partial resistance to hypoxia. In conclusion, we have shown that two different single amino-acid mutations in mTOR, S2215Y and R2505P, identified in cancer genome database, confer nutrientindependent activation on mTORC1. We have further shown that the cells expressing the mTOR mutant S2215Y exhibit altered cell-cycle profile with increased percentage of S phase. In addition, cells expressing the mutant mTOR do not decrease cell size on nutrient starvation. An important issue concerns whether the mTOR cancer mutants exhibit transforming activity. Our experiments with focus formation assays so far have not revealed any transforming activity of the mTOR mutant S2215Y (Supplementary Figure 3a) . This suggests that the sole expression of the mTOR cancer mutant does not transform Rat1 cells. Maeda and coworkers (Ohne et al., 2008) have examined hyperactive mTOR mutants identified by genetic screens and reported that their mutants do not transform NIH3T3 cells. Conversely, transforming activity of an activating mTOR mutant due to a deletion in the repressor domain of mTOR was reported using p53 mutant mouse embryonic fibroblasts (Edinger and Thompson, 2004) . Further work is needed to conclude whether the mTOR mutants exhibit transforming activity.
It is important to point out that the mTOR mutation was present together with another mutation in the cancer samples we examined. In the case of the S2215Y mutation, mutations of G13D in K-ras and R8131I in Titin (TTN) were found. K-ras is the most frequently activated oncogene, with 17-25% of all human tumors harboring an active mutation in the gene (Kranenburg, 2005) . This raises the possibility that the mTOR active mutant S2215Y enhances transforming activity of activated K-ras. Focus formation assays using Rat1 cells showed that the number of foci in cells coexpressing mutant K-ras and the mTOR S2215Y mutant is higher than that in cells expressing the mutant K-ras (Supplementary Figure 3b ), raising the possibility that the mutant mTOR S2215Y enhances K-ras transformation. However, further work is needed to investigate this point. In the case of the kidney cancer sample harboring the R2505P mutation, another mutation of F218I in the CDC25A gene was present. CDC25 phosphatases activate Cdk/cyclin complexes by dephosphorylation and promote cell-cycle progression (Ray and Kiyokawa, 2007; Aressy and Ducommun, 2008) . Overexpression of CDC25A and its isoform CDC25B has been observed in many human tumors, including breast, prostate, head and neck and non-small-cell lung cancer. In addition, expression of CDC25A in retinoblastoma-deficient fibroblasts leads to foci formation, growth in soft agar and tumor formation in mice (Kristjansdottir and Rudolph, 2004) . Further study is needed to investigate whether the mTOR mutation and the CDC25A mutation work in concert to impact tumorigenesis.
Our study represents the first demonstration that mTOR is activated by point mutations in human cancer. Further mining of the human cancer genome database may reveal additional mutations. Characterization of tumor samples may provide insight into the type of cancer where mTOR activation has critical functions. In turn, this could help us target certain types of cancer for anti-mTOR treatments such as the rapamycin treatment.
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